Objective: The aim of this study was to investigate the contribution of nitric oxide / prostanoid-independent pathways to endotheliumdependent vasorelaxation in human conduit arteries. Methods: Rings of internal thoracic artery (ITA) and radial artery (RA) taken from patients undergoing coronary artery bypass graft surgery were suspended in 10-ml organ baths and relaxation to carbachol and bradykinin studied in the presence and absence of nitric oxide synthase (NOS) inhibitors and potassium channel blockers. Results: No significant relaxation to carbachol or bradykinin was observed in ITA after NOS inhibition. In contrast, in RA less than 40% attenuation of relaxation 1 to carbachol or bradykinin was achieved with any of the NOS inhibitors. In the presence of 20 mM K relaxation to carbachol and 1 bradykinin was inhibited by 2869% and 4269% while in the presence of L-NAME 200 mM120 mM K relaxation was inhibited by 6666% and 7064% respectively in this artery. Tetraethylammonium, glibenclamide, apamin and iberiotoxin had little effect on relaxation to carbachol but charybdotoxin alone and charybdotoxin plus apamin attenuated relaxation to carbachol by 2364% and 4969% in RA. In the presence of L-NAME 200 mM attenuation of these relaxations were increased to 6064% and 7864%. Conclusion: In ITA relaxations to carbachol and bradykinin were mediated via nitric oxide. In contrast in RA, a conduit vessel of similar diameter, both nitric oxide-dependent and independent pathways appeared to contribute to vascular relaxation. This nitric oxide-independent relaxation 21 involved opening of Ca activated potassium channel(s). The existence of alternative pathways mediating endothelium-independent relaxation could be important under pathological conditions and may contribute to the long term survival of radial artery grafts.
Introduction
nels being opened by EDHFs in different vascular beds from a range of animal species [4] [5] [6] . The endothelium plays a major role in the regulation of Less is known about the relative contributions of NO vascular tone. Endothelium-derived relaxing factor, prosand EDHFs to relaxation in human vessels. NO-dependent tacyclin and endothelium-derived hyperpolarizing factors relaxation is believed to predominate in internal thoracic (EDHFs) released from the endothelium can all cause artery (ITA) and saphenous veins (SV) [7, 8] . Both NO and vasorelaxation. Endothelium-derived relaxing factor has EDHF-dependent relaxations have been demonstrated in been identified as nitric oxide (NO) [1, 2] , however the coronary arteries [9, 10] and pial arteries from some identity of EDHFs remains uncertain [3] . Recently, pharsubjects [6] . EDHF-dependent relaxations which were macological tools have become available allowing the sensitive to tetraethylammonium have been reported in characterisation of the potassium channels involved in gastroepiploic and omental arteries [11, 12] . Little is known mediating this relaxation. There is evidence for both large of the role of hyperpolarization and potassium channel and small conductance calcium-sensitive potassium chanactivation in any other human arteries.
Internal thoracic artery (ITA) and saphenous vein (SV) are the most commonly used conduit vessels in coronary during the harvest periods. Following heparinization the proximal end was divided to assess backflow. If satisfacartery bypass graft surgery. While long term patency and tory the distal end was divided and 1-2 cm immediately survival are good for ITA grafts the prognosis for SV placed in physiological salt solution. grafts is less promising [13, 14] . This has led to the search The vessel segments were immediately transferred to the for other suitable conduit vessels. The radial artery (RA) as laboratory. The vessels were cleaned of connective tissue a conduit for coronary artery bypass grafting (CABG) was and cut into 2-3 mm rings. Rings were suspended on wires first suggested in 1971 [15] , however its use was disin 10-ml organ chambers filled with physiological salt continued after early problems with occlusion of the vessel solution (PSS), maintained at 378C, and aerated with a thought to be due in part to spasm [16] . In the late eighties mixture of 95% O -5% CO . The rings were connected to interest was revived when some of the original patients 2 2 force transducers and changes in isometric tension were were found at repeat angiography to have perfectly patent recorded. The PSS (pH57.460.1) had the following grafts. At this time the benefit of ITA use in CABG was composition in (mM): 130 NaCl, 4.7 KCl, 14.9 NaHCO , apparent [17] 2H O, 0.03 CaNa EDTA. In one series of experiments revascularisation. Recent reports of RA as a conduit in 2 2 relaxation was studied first in the absence and then in the CABG have shown good early and medium term results presence of indomethacin (0.02 mM dissolved in DMSO). [18] [19] [20] . It has been suggested that lower levels of nitric
The indomethacin was added to inhibit prostanoid synoxide production may contribute to the reduced patency of thesis. Based on the results from this study, indomethacin SV compared to ITA grafts [7, 8, 21] . Despite the increasing was added to the Krebs buffer for all subsequent work. use of RA in CABG surgery little is known about the Based on preliminary experiments both vessels were set mechanisms regulating vasorelaxation in this vessel. The to a resting tension of 1.5 g. An equilibrium period of one aim of the present study was to assess the contribution of and a half hours for ITA and 2-3 hours for RA were EDHF and NO to endothelium-dependent relaxation in allowed. A longer equilibrium period was required for RA isolated radial arteries and internal thoracic arteries.
as it is a very muscular artery and took longer to achieve a stable baseline tension than ITA. Cumulative dose-re- 28 25 sponse curves to phenylephrine (10 -3310 M) were 2. Methods then constructed. Baths were washed out and tissues allowed to relax. Rings were then constricted to their Human ITA and RA were obtained from male patients individual EC values for phenylephrine and relaxation to undergoing CABG. Approval to use discarded tissues was 50 28 25 210 27 granted by the Western Infirmary Ethical Committee, carbachol (10 -10 M) or bradykinin (10 -3310 Glasgow UK. Clinical characteristics of the patients are M) studied. The baths were again washed out, inhibitors of summarised in Table 1 . Human ITA was dissected as a nitric oxide synthase (NOS) or potassium channel blockers pedicle with its venae commitantes from the thoracic wall added. Fifteen minutes later the rings were again conby a no-touch technique leaving the vessels surrounded by stricted to the EC for phenylephrine. If necessary, the 50 internal thoracic fascia. The discarded distal end (1-2 cm) dose of phenylephrine was adjusted so that the tone was was placed in physiological salt solution.
comparable to that previously achieved. A second doseRadial arteries were harvested from the non-dominant response curve to carbachol or bradykinin was then arm. A pedicle of RA with two venae commitantes was constructed. In some cases a third carbachol dose-redissected without touching the artery. Branches were sponse curve was also examined in the presence of a controlled with ligaclips and divided with scissors. No combination of NOS and potassium channel blockers. As vasodilators were administered systematically or topically for the second dose-response curve the third dose-re- sponse curve to carbachol was preceded by washout and charybdotoxin1apamin. Analysis of variance with bonferreconstriction of the ring to its EC for phenylephrine.
roni correction for multiple comparisons was used to 50 1 The duration of the experiment from constriction of the compare the effects of K channel inhibitor1L-NAME initial dose-response curve to phenylephrine to completion with those of L-NAME alone. The Chi-squared test was was 4-6 h. Some rings, which acted as controls, had used to examine differences between subjects donating RA neither nitric oxide synthase nor potassium channel blockand ITA with respect to history of hypertension, diabetes ers added before construction of the second and third and smoking. All results are expressed as mean6SE, dose-response curves.
p,0.05 was taken as significant. The NOS inhibitors used were L-NAME 200 mM, 500 mM and 2 mM and L-NMMA 1 mM.
The following potassium channel blockers were used: 3. Results tetraethylammonium (TEA) (3 mM) which is a relatively non-specific blocker of calcium-activated potassium chan-3. There carbachol was also studied in the presence of the cytowere no significant differences between the groups in chrome P inhibitor miconazole (10 mM).
cardiovascular risk factors such as smoking, plasma 450 ITA and RA segments from patients were fixed in 10% cholesterol, hypertension or diabetes. One ITA patient was phosphate buffered formalin followed by dehydration and on only 2 drugs while one RA patient was taking 8. Apart embedding in paraffin wax. Four-micrometre thick sections from these two exceptions, the number of drugs taken were stained using haematoxylin and eosin. These sections ranged from 3-6 in both groups with a mean of 461 in were assessed for vessel wall structure integrity and each group. No particular drug combination was favoured endothelial continuity.
by either group.
Materials 3.2. Histological appearance of RA and ITA
L-NMMA was supplied by Calbiochem, Nottingham, Light microscopic examination of haematoxylin and UK and glibenclamide by Alexis Corporation, Nottingham, eosin stained paraffin sections of RA and ITA showed both UK. All other chemicals were obtained from Sigmato be muscular arteries with an average external diameter Aldrich Company, Poole, Dorset, UK. of 2.1 mm and 1.9 mm respectively ( Fig. 1 ). There was a prominent fibrointimal layer in all RA examined, this layer 2.2. Statistical analysis measuring up to 58 mm in thickness. The ITA lacked this prominent fibrointimal layer with the endothelium often The maximal relaxation to carbachol or bradykinin appearing to be closely applied to the luminal aspect of the (E ) and the concentration of agonist required to produce internal elastic lamina. No other structural differences were max 50% relaxation (EC ) were calculated for each individual apparent. In both ITA and RA, relaxation to carbachol and 50 ring using Microsoft Excel (R). Groups contained 5-12 bradykinin was dependent on the presence of the endorings. Individual groups contained no more than two rings thelial layer. from any one patient. As the initial relaxation varied Maximal contractile responses to phenylephrine were There were marked differences between patients with greater in RA than ITA 3.0660.38g compared to respect to age, plasma cholesterol levels, drug treatment 1.6460.17 g. Similarly overall the PE values used to 50 and underlying disease which could all influence relaxation study relaxation to carbachol were higher in RA than ITA, to carbachol resulting in marked differences between 1.6260.08 in RA and 1.0360.08 in ITA. However, within responses in rings from different patients. To allow for RA and ITA subgroups there were no significant differsuch variations, statistical analysis was normally only ences between the PE values. domethacin in either ITA or RA. There was a trend relaxation was reduced from 57612% to 1063%. In towards increased relaxation in the presence of the proscontrast in RA, these concentrations of L-NAME only tanoid synthesis inhibitor, however, this did not reach attenuated relaxation to carbachol by 2466% and 2766% significance. In ITA, relaxation was increased in the respectively (Fig. 2 , Table 2 ). Similarly in this vessel, presence of indomethacin in 6 / 9 rings in RA relaxation L-NMMA 1 mM only attenuated relaxation to carbachol by was increased in 8 / 9 rings ( p50.090, CI5213.66, 1.22).
2364%. In RA, increasing the concentration of L-NAME to 2 mM had only a small additional effect on relaxation 3.5. Effects of nitric oxide synthase inhibitors on (as shown in Table 2 ). relaxation to carbachol in ITA and RA. Relaxations to Relaxation to bradykinin in RA also showed a large carbachol and bradykinin in control rings of RA and L-NAME resistant component, whereas in ITA no clear ITA relaxation to bradykinin was observed in the presence of L-NAME (Table 2) . However, it must be noted that only In control rings, to which neither nitric oxide or small relaxations to bradykinin were observed under potassium channel blockers were added, relaxations to control conditions in ITA. carbachol and bradykinin were similar in the initial and between the first and second or third relaxation curves When the concentration of K in the Krebs buffer was (Table 2) .
raised to 20 mM maximum relaxation to carbachol was Relaxation in response to carbachol was significantly significantly reduced from 101610% to 7268%. In the 1 greater in RA than ITA. In ITA, L-NAME virtually presence of 20 mM K and L-NAME 200 mM or 500 mM abolished carbachol-dependent relaxation; in the presence further reductions in relaxation were observed. Raising the of L-NAME 200 mM relaxation was reduced from 5969% extracellular potassium concentration to 20 mM caused a to 1069% while in the presence of L-NAME 500 mM, similar attenuation of relaxation to bradykinin (Table 3) . PE is expressed as the increase in tension ( g) in the presence of the dose of phenylephrine required to produce 50% maximal contraction. It was 50 determined from the initial dose-response curve to carbachol.
-could not be calculated as no relaxation observed post-treatment in some rings. * p,0.05 when responses to carbachol before and after treatment are compared in the same ring using paired t-tests.
3.7.
Effect of potassium channel blockers on relaxation resulted in a 53612% attenuation of relaxation which was to carbachol in RA significantly greater than that observed with charybdotoxin alone. Other combinations such as iberiotoxin plus apamin Neither TEA, apamin, glibenclamide or iberiotoxin had or glibenclamide plus charybdotoxin were much less any significant effect on the maximum relaxation to effective (Table 4 , Fig. 3 ). carbachol. Iberiotoxin caused a significant increase in the EC and although all curves were shifted to the right in 50 3.8. Effects of potassium channel blockers on relaxation the presence of TEA, the increase in EC just failed to 50 in the presence of L-NAME in RA reach significance ( p50.059; Table 4 ). In contrast, charybdotoxin caused a significant decrease of 2463% in
In the presence of L-NAME plus TEA, apamin, relaxation. The combination of charybdotoxin and apamin iberiotoxin or glibenclamide, relaxation to carbachol was similar to that observed in the presence of L-NAME alone (Table 4 , Fig. 4 ). In contrast, the attenuation of relaxation in the presence of L-NAME1charybdotoxin and LNAME1charybdotoxin and apamin was significantly greater than that achieved in the presence of L-NAME alone. Charybdotoxin1L-NAME 200 mM attenuated relaxation by 6064% while charybdotoxin1apamin and L-NAME 200 mM caused a 7864% reduction in relaxation.
Increasing the concentration of L-NAME to 500 mM appeared to have a small additional effect on relaxation but this did not reach statistical significance. In the presence of L-NAME 500 mM1charybdotoxin1apamin relaxation was reduced by 8565%. P -dependent enzymes, also attenuated relaxation to 450 PE is expressed as the increase in tension in the presence of the dose of phenylephine required to produce 50% maximal contraction. Results expressed as mean6SE. Data for E and EC were obtained by fitting curves for each ring as described under Section 2. 
Discussion
In these studies we have shown that two human arteries of similar diameter have very different nitric oxide dependencies for endothelium-dependent relaxation. While relaxation in ITA was almost entirely nitric oxide-dependent both nitric oxide-dependent and independent pathways contributed to relaxation in RA. These nitric oxide-independent relaxations were inhibited by calcium-dependent potassium channel blockers and had characteristics consistent with endothelium-dependent hyperpolarizing factormediated relaxation.
Indomethacin did not attenuate relaxation in either vessel suggesting that prostanoids do not contribute to endothelium-dependent relaxation to carbachol. Indeed, Fig. 3 . Inhibition of relaxation to carbachol in RA by potassium channel there was a tendency for relaxation to improve in the blockers. Dose-response curves to carbachol were constructed in the absence and presence of potassium channel blockers. The reduction in the presence of indomethacin and it is possible that carbachol maximum relaxation in the presence of the potassium channel blocker caused contraction by the stimulated release of prostanoids was calculated and expressed as a percentage of the maximum relaxation such as PGH [22] . All subsequent work was therefore blood flow Joannides and colleagues [23] found aspirin to be without any haemodynamic effect. 74610% in the absence and presence of miconazole. The and to a greater extent in the presence of K 20 mM1L-combination of miconazole1L-NAME 200 mM reduced NAME 200 mM suggesting that an endothelium-dependent relaxation from 93613% to 3869%.
hyperpolarizing factor could contribute to relaxation in RA.
Relaxations dependent on potassium channel opening have been extensively reported in a range of animal vessels [24] but the role of endothelium-dependent hyperpolarization and potassium channel opening in mediating relaxation in human vessels is more uncertain. In man, nitric oxide-independent relaxation to bradykinin and substance P have been observed in coronary arteries [9, 10] and in some cases in pial arteries [6] . These relaxations were suggested to be due to EDHF release but the nature of the potassium channels involved has not been fully elucidated. In gastroepiploic and omentum arteries endothelium-dependent nitric oxide prostanoid-independent relaxations which were blocked by the non selective calcium-dependent potassium channel blocker TEA have been demonstrated [11, 12] . There are few other reports of endo- underlying mechanisms. There is some evidence from in * Significantly greater attenuation of relaxation to carbachol in the 1 vivo studies using combined echotracking / Doppler techpresence of a K channel blocker1L-NAME compared to L-NAME niques to support the hypothesis that substance(s) additionalone. Groups compared using ANOVA with Bonferroni correction for multiple comparisons.
al to nitric oxide contribute to vasorelaxation in radial arteries [27, 28] . Joannides and colleagues [28] speculate in which TEA or TBA have been shown to attenuate that nitric oxide synthase inhibition may be associated with agonist-mediated relaxation studies were carried out in the a compensatory increase in the release of EDHF. The presence of 10 mM inhibitor compared to the 3 mM used current work appears to substantiate this contention.
in this study [11, 12] . A number of animal studies have led to the supposition The nature of EDHFs remains uncertain. Evidence from that nitric oxide is the predominant vasodilator in large several groups suggest the involvement of arachadonic vessels whereas EDHFs are more important in small acid metabolites formed via the cytochrome P pathway 450 resistance vessels [29, 30] . Urakami-Harasawa and co- [39, 40] . Epoxyeicosatrienoic acids (EETs) are P -derived 450 workers [11] came to the same conclusion in their study metabolites of arachadonic acid and have recently been with human gastroepiploic arteries. However, the RAs and identified as EDHFs in bovine coronary vessels. Others ITAs used for our study were of similar diameter. The have suggested that an endogenous cannabinoid represents consistent presence of a distinct fibrointimal layer or EDHF [41] although this has been disputed [42] . In our fibrointimal hyperplasia in RA compared with ITA represtudies of radial arteries miconazole, a cytochrome P 450 sented the only morphological difference between these enzyme inhibitor attenuated relaxation. Inhibition of nitric two muscular arteries. Thus, in man, the vessel diameter oxide / prostanoid-independent relaxation by miconazole does not necessarily appear to predict the pathway (s) and / or other inhibitors of cytochrome P have also been 450 regulating vasodilatation. Animal studies have provided no demonstrated in rat mesenteric arteries and procine and 1 concensus on the identity of the K channel opened by bovine coronary arteries [5, 39, 40] although not in human EDHF. In rabbit middle cerebral artery and abdominal omental and gastroepiploic arteries or guinea pig carotid aorta glibenclamide-sensitive relaxations have been reartery [11, 12, 43] . Attenuation of nitric oxide-independent ported suggesting the involvement of ATP-sensitive potasrelaxation by cytochrome P inhibitors has been taken as 450 sium channels [31, 32] . However other studies examining evidence for involvement of cytochrome P enzymes in 450 different vascular beds were unable to show any effect of synthesis of EDHFs. However, most of these compounds glibenclamide on endothelium-dependent hyperpolarization have additional effects [44, 45] which have the potential to [9, 33] . In the majority of studies either charybdotoxin, modify endothelium-dependent relaxations. apamin or a combination of charybdotoxin plus apamin
In our studies in radial arteries, attenuation of relaxation 1 inhibited EDHF-mediated relaxation [33] [34] [35] consistent in the presence of L-NAME and K channel blockers with the involvement of large and / or small conductance appeared to be more than additive in a number of calcium-sensitive potassium channels.
instances. A similar phenomenon has been reported in rat In human radial arteries we found the nitric oxide / isolated superior mesenteric bed [5] . The authors of this prostanoid-independent relaxation to be resistant to glibenpaper suggested that EDHF activity may become upclamide and apamin but attenuated by charybdotoxin and regulated on inhibition of nitric oxide production, compenmore strongly by charybdotoxin plus apamin. However sating for the loss of nitric oxide. Similar suggestions have iberiotoxin, which like charybdotoxin blocks large conbeen made by Kilpatrick and Cocks [46] and Olmos et al. ductance calcium-sensitive potassium channels, had a [47] . Moreover, an increase in non nitric oxide-mediated much smaller effect on relaxation. Thus, the pattern of relaxation has been observed in vessels from cholesterol inhibition of vasorelaxation by the potassium channel fed rabbits [48] , stenosed canine coronary arteries [49] and blockers does not exactly correspond to that expected for from sheep with pulmonary hypertension [50] . However, any of the potassium channels identified to date. However, Urakami-Harasawa and co-workers [11] reported that a similar profile for inhibition of EDHF-mediated relaxaageing and hypercholesterolaemia impair EDHF-mediated tion has recently been described in guinea pig carotid relaxations in human gastroepiploic arteries. The patient artery and rat hepatic artery [35] [36] [37] . In the latter publinumbers in our study in radial arteries were too low to cation, the authors suggest that the target potassium permit any attempt to relate risk factors (smoking, plasma channels for EDHF may be similar to one of the apamincholesterol etc) to the relative contributions of nitric oxideinsensitive subtypes of small conductance calcium-sensidependent and independent mechanisms to vasorelaxation. tive potassium channels recently described by Kohler et al. All the vessels used in this study were from subjects [38] .
with severe coronary artery disease. Despite the fact that If the potassium channel mediating relaxation in RA is a many were taking HMG CoA reductase inhibitors, the calcium-dependent potassium channel, the lack of attenuaaverage plasma cholesterol was high. The results obtained tion of relaxation to carbachol in the presence of TEA in this study may not reflect the pattern of relaxation in requires consideration. Dose-response curves to carbachol healthy individuals. However, human radial arteries are were shifted to the right in the presence of TEA in all used increasingly for coronary grafts and the precise cases although this just failed to reach statistical signifiunderstanding of mechanisms of vasorelaxation in these cance ( p50.059). It is possible that a significant effect vessels harvested from individuals with atherosclerotic would have been observed if the number of vessels studied intravascular milieu is of indisputed clinical importance. or the dose of TEA was increased. In other human vessels Knowledge of the factors regulating endothelium-depen-
